External-stimuli controlled reversible formation of radical species is of great interest for synthetic and supramolecular chemistry, molecular machinery, as well as emerging technologies ranging from (photo)catalysis and photovoltaics to nanomedicine. Here we show a novel hybrid colloidal system for light-driven reversible reduction of chemical species that, on their own, do not respond to light. This is achieved by the unique combination of photo-sensitive plasmonic aggregates and temperatureresponsive inorganic species generating radicals that can be finally accepted and stabilised by non-photo-responsive organic molecules. In this system Au nanoparticles active reporter molecule, the resulting optically-controlled redox processes can be followed in real-time.
Introduction
Using light to control chemistry on the nanoscale has gathered much attention over recent years, for instance in light controlled molecular switching, optomechanics, 2 strong coupling, 3 and non-thermal plasmon-enhanced catalytic reactions, 4,5 all shown to be readily accessible using plasmonic nanoconstructs. Moreover, the ability to optically-control energy deposition through light absorption in plasmonic nanoconstructs is of great interest for emerging technologies providing a means to thermally activate localized (electro)chemical processes. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Such systems are of particular interest for their facile accessibility as they can be readily made using self-assembly, eliminating the need for expensive manufacturing processes, and typically proceed under ambient conditions.
Here, we present direct optical control over dithionite-mediated redox processes in aqueous environments using self-assembled gold nanoparticles (AuNPs). By self-assembling gold nanoparticles using either salt or sub-nm molecular spacers (cucurbit[n]urils: CB[n]), aggregates with broad spectral absorbance are formed. Both the AuNP aggregates assembled using salt or CB [n] can be utilized as efficient SERS substrates. [16] [17] [18] A redox reporter molecule such as methyl viologen (MV 2+ ) can be added to the substrates allowing for surface enhanced Raman spectroscopy (SERS) to be used to track in situ the dithionite redox processes in real-time. 17 We demonstrate that by switching between high and low laser irradiances, this reduction process can be turned on and off and the change in redox state of the reporter molecules can be directly observed. Such optical control over reduction opens up new avenues for switching (electro-) chemical processes, for example in fuel cells or batteries.
Results and discussion
Our hybrid system comprises (i) light-sensitive SERS-active Au nanoparticles self-assembled via sub-nm precise molecular spacers of CB [7] or by increasing the salt concentration, (ii) temperature-responsive inorganic dithionite species, S 2 By adding cucurbit[n]uril to a colloidal suspension of citrate stabilized AuNPs, self-assembly forms aggregates with fractal-like structures, 23 red-shiing the plasmon resonance in extinction spectroscopy (Fig. 1a) . As a result the extinction at 785 nm increases from 12% to 83% cm À1 . While a fraction of the extinction is plasmonic scattering, the remainder is converted to heat through non-radiative relaxation processes in the Au (Fig. 1b) Fig. 1d ; dark phase). The system is reversible and this cycle can be repeated until the S 2 O 4 2À fuel is consumed. Using a 785 nm laser to plasmonically induce the local temperature increase, the activated chemical redox processes can be followed in real time using surface enhanced Raman spectroscopy, giving a much better idea of the complexity involved in such redox systems. Aer several seconds of 125 mW laser power irradiation at 785 nm a set of clear changes are observed in the SERS spectra. The appearance of the 1660, 1600, 1357, 1248, and 1025 cm À1 bands are characteristic of the cation MV + c species being formed. 24 Upon lowering the laser irradiation intensity to 11 mW (so that SERS spectra can still be collected) the MV 2+ spectrum returns aer several seconds. This redox process is repeatable until the dithionite 'fuel' for the chemical reaction is depleted. The reduction process can also be reproduced through 'bulk' heating of the entire cuvette. The bulk solution temperature at which this reduction is seen in SERS switching is 29.3 C, 9.3 C above room temperature. Comparing the different SERS spectra we nd that the low power ( (Fig. 2b) show many similarities to each other but are distinctly different from the MV 2+ spectrum (Fig. 2e , red and green traces, respectively). Slight differences in the spectra between optically-and temperature-induced reduction suggest variations in the local environment as a result of a potentially different dissociation mechanism of dithionite. Spectra acquired with CB [7] -mediated aggregates and salt induced aggregates for the reduced species have almost identical spectral features. By considering the total laser power on the sample, an upper and lower estimate of the laser-induced bulk temperature increase per second can be estimated from
where I 0 is the incident laser intensity in J s À1 , t the duration of exposure, 3 l the extinction of light over the optical path at the laser wavelength, A the fraction of absorbed light, C Q the specic heat capacity and m the mass of water in the sample. Assuming all of the attenuated light is absorbed (C Q ¼ 1) an upper bound for DT is determined (red trace, Fig. 2c ). Modelling the scattering properties of individual AuNP aggregates shows 25% absorbance and 75% scattering (Fig. 2f) , providing a lower bound for DT (C Q ¼ 0.25). From this we nd that the average temperature of the bulk suspension is increased by <4 C aer 140 s of laser irradiation at 125 mW. In this estimate, heat dissipation to the surrounding environment is not considered, however the calculated DT max is already insufficient to trigger the reduction by bulk temperature alone. The temperature increase of a single AuNP aggregate, DT agg , due to optical absorption in a homogeneous medium can be estimated from
where s abs is the absorption cross section, E e the incident irradiance of light, R eff the effective radius of the aggregate, 25 and k m the thermal conductivity of the surrounding medium. For a simulated s abs ¼ 2 Â 10 5 nm 2 , k water ¼ 0.6 W m À1 K À1 , and R eff ¼ 160 nm, we nd an estimated average temperature increase of 1.6 C on a single aggregate. Even if we consider only the gap region, which has a local plasmonic heating efficiency 1.5 times higher compared to the effective heating zone within 10 nm proximity from the aggregate, such a temperature increase is inadequate to reach DT water > 9 C to catalyse the reduction process.
This suggests that other local effects in the nanostructure play a key role in the catalysis of the reduction process. For example, the diffusion rate of oxygen molecules can be limited inside the conned gap regions, which in turn can allow the plasmonic heating to locally trigger the redox process at a lower temperature. Additionally, other optical or hot-electron effects on the chemistry process cannot be fully excluded at this stage. Using salt to induce the AuNP aggregation yields a comparable switching phenomenon, however, two clear differences are observed (see Fig. 3 ). During the laser power modulation, the MV 2+ signals continue to rise with each cycle, visible at the low powers . This contrasts with CB [7] in which a consistent peak amplitude is reached through each oxidation cycle. This is also in line with quantitative SERS results observed with CB[n] aggregates in literature. 17, 18, 26 The second notable difference is the faster (roughly two-fold) and more reliable redox switching observed for the salt induced aggregates. Switching with CB [5] formed aggregates is also investigated here, and comparable redox speeds are observed. However with CB [5] , the aggregate-induced redox states are less stable, giving more uc-tuating SERS signatures.
To investigate the switching behaviour with CB [7] and salt induced aggregates in more detail SERS signals extracted from the 1600 cm À1 (MV + c) and 1648 cm
À1
(MV 2+ ) modes are compared between each reduction and oxidation cycle (Fig. 4a) .
By taking the rst derivative peak this delay time can be plotted as a function of cycle number (Fig. 4b) . To reach the triggering temperature of 29.3 C for each cycle, the switching time is expected to occur faster on successive cycles as the Fig. 4 Kinetics of the plasmon catalysed redox process with CB [7] and salt induced AuNP aggregates. (Left) CB [7] aggregates and (right) NaCl aggregates. (a) Evolution of SERS intensity of MV redox states for successive modulation cycles of laser power, with (top) the increase and decrease of the radical MV + c species and (bottom) the correlated decrease and subsequent increase of the MV 2+ species. (b) Extracted delay times of reduction and oxidation thresholds versus cycle number for high (left) CB [7] aggregates and (right) NaCl aggregates. The delay times are determined by the turning points of the first derivative of the SERS kinetics in (a). solution accumulates heat. However, an opposite trend is observed in the case with CB [7] mediated aggregates. For these aggregates a clear increase in delay time for the reduction threshold is seen, whereas when salt is used to form aggregates, the delay time is shorter and aer 3 cycles stabilises at 20 s. The reoxidations of both systems show a comparable trend in which the oxidation process seems to consistently speed up with each cycle. These differences between the CB [7] and NaCl show that subtle variations in how the plasmonic substrates are formed can greatly affect the resulting switching behaviour suggesting that there is still much room for improvement. When fully developed, such a system can form a basis for promising radical-on-demand technologies.
Conclusions
We have demonstrated that plasmon-induced effects can be used to catalyse dithionite-mediated chemical reduction with either CB [7] or salt induced AuNP aggregates. By controlling irradiation intensities this reduction process can be switched on and off repeatably. We have shown that the localised effects close to the plasmonic aggregates is what causes redox switching, rather than bulk heating, and that the dithionite fuel controls the system response time.
Materials and methods
Dithionite was purchased from Sigma Aldrich, 60 nm citrate capped AuNPs were purchased from BBI solutions, and both were used as received. Cucurbit[n]uril spacer molecules were synthesized as described in ref. 27 .
AuNP aggregates were assembled in an aqueous environment by mixing a CB The calculations use 100 iterations of randomly grown 60 nm gold nanoparticle cluster structures with dened inter-particle spacings (0.9 nm). The algorithm for generating the clusters consists of rst adding a new AuNP onto the surface of the cluster from a randomized position and direction, and then allowing the new particle to relax to the nearest surface dimer at the specied interparticle distance (thus touching at least two other NPs). The randomly grown AuNP clusters are then surrounded with an external medium of water (n ¼ 1.33). The dielectric function of the gold nanoparticles is interpolated from Johnson and Christy.
Raman spectroscopy was performed on a Renishaw inVia Raman microscope, using a 5Â objective (NA ¼ 0.12) and a 785 nm excitation diode laser. Such an excitation wavelength is known to resonantly excite the chain plasmons of the AuNP aggregates. 28, 29 The laser beam was focused at the liquid-air interface from the top of the open cuvette (1 Â 0.4 Â 2.5 cm), without having the cuvette wall in the path of either the incident or scattered light. The spot size of the laser at the focal point with the 5Â objective was measured to be 12 500 mm 2 . Spectra were collected with a 1 s integration time and the irradiation power was alternated between 125 mW and 11 mW, where each power was maintained for 70 s. The optical depth of the suspension in the vertical direction was 2.5 cm. To control the temperature of the mixture the cuvette was placed in a water bath in contact with a hot plate. A thermometer was used to monitor the temperature of the water bath during the SERS measurement.
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